The metastable region of binary mixtures is examined with the PC-SAFT equation of state (EOS) and compared to molecular simulations. The studied mixtures are Methane + Ethane, Methanol + Ethanol, Carbon Dioxide + Toluene, Carbon Dioxide + Hydrogen Chloride and Hydrogen Chloride + Toluene. In order to calculate the spinodal, the second partial derivatives with respect to the components molarities are analytically determined for the PC-SAFT EOS. Thermal properties as well as the spinodal points determined using PC-SAFT and molecular simulation are compared. For the studied metastable gas phases the results obtained with PC-SAFT and the molecular simulations agree well. For liquid phases the metastable region calculated with the PC-SAFT EOS is typically broader than that obtained from the molecular simulations. No unphysical results were obtained with PC-SAFT for metastable states. Hence, PC-SAFT EOS is found to be principally suitable for predicting metastable states and spinodals of mixtures.
Introduction
Metastable states are omnipresent. For example boiling requires superheating, condensing requires supercooling. Effects like retardation of boiling or cavitation are due to metastablility. However, experimental studies of metastable states are difficult. Using molecular simulations, it is possible to obtain reliable information on the metastable region. Molecular simulations rely only on Newtonian mechanics and statistical physics, which hold both for the stable and metastable region.
However, the potentials which are used are simplified pictures of reality and yield good results only due to their parameterization [1] . These parameters are stateindependent, and it is known that extrapolations based on such potentials are often successful even far away from state points, which were considered in the parameterization. The same holds for properties which were not considered in the parameterization. Moreover, even bold extrapolations based on molecular models are generally well-behaved, i.e. do not yield qualitatively wrong results [2, 3] . Hence, a molecular model, which describes properties of stable state points well, can be expected to yield reliable predictions in the metastable region. Also equations of state (EOS) can be used. In contrast to molecular simulation the theories on which EOS are based generally contain semi-empirical approximations. Hence, it is necessary to check their validity in the metastable region. This is done here for an EOS from the statistical associating fluid theory (SAFT) family [4, 5] .
Consequences of the semi-empirical nature of the EOSs from the SAFT-family have attracted some attention in the literature. For example Privat et al. [6] discussed if the perturbed-chain statistical associating fluid theory (PC-SAFT) EOS generates unphysical results, when it is applied to pure substances at high pressures and high temperatures. Polishuk [7] found multiple vapor-liquid critical points as well as crossing isotherms at very high pressures for several pure compounds using different EOS from the SAFT-family. Yelash et al. [8] also found multiple critical points, including liquid-liquid critical points, in pure compounds consisting of large molecules at very low temperatures for several SAFT versions.
Up to now, metastable states were not in the focus of such investigations. In particular, no systematic investigations on metastable states in mixtures are available regarding vapor-liquid equilibria (VLE). Spinodals in liquid-liquid equilibria (LLE) have been calculated with the simplified PC-SAFT EOS by van Kouskoumvekaki et al. [9] .
Therefore in the present work, a systematic comparison is made between results from the PC-SAFT EOS [10, 11] and molecular simulations, in order to assess the validity of PC-SAFT in the metastable region of mixtures. Binary mixtures are chosen such that they include mixtures of different types: unpolar + unpolar, H-bonding + unpolar, and H-bonding + H-bonding compounds. Size disparity is also investigated. It is examined if these differences in polarity and size have an impact on the quality of the prediction.
To calculate the limits of the metastable region, second derivatives of the free energy with respect to the component molarities are needed. In the literature, usually numerical derivatives are used when applying the PC-SAFT EOS for phase stability problems, e.g. [12, 13] . In the present work, the second partial derivatives with respect to the components molarities are calculated analytically for the PC-SAFT EOS. The expressions are given in the Supplementary Information.
For all studied mixtures, thermodynamic states at different partial densities are simulated. The models for the molecular simulations are taken from previous work of our group [14] [15] [16] [17] [18] . Models for the PC-SAFT EOS are fit to mixture VLE predictions of molecular simulations or taken from the literature if already suita-ble [10, 11] . The VLE predictions for the three binary subsystems of the system Carbon Dioxide//Hydrogen Chloride//Toluene are taken from previous work of our group [19] .
PC-SAFT Equation of State
The PC-SAFT EOS [10, 11] is written in terms of the molar free energy a as a sum of the following contributions:
Where a id is the molar free energy of the ideal gas, a hc is the contribution due to a reference hard-chain fluid [20, 21] , a disp is the contribution due to dispersion interactions between the chains [10, 11, 22, 23] and a assoc is the contribution due to association [11] . The PC-SAFT version employed in the present work is taken from [24] . Other versions of PC-SAFT use a slightly different approximation for the association strength. More information is given in the Supplementary Information.
The PC-SAFT parameters for the pure substances used in this work are given in Table 1 . Here, A, P and E refer to associating acidic, protonic and electronegative sites as in [25] . In the dispersion term for mixtures the binary interaction parameter kij is used:
The kij values are taken from Werth et al. [19] or set to zero. The values are listed in Table 2 .
[ Table 1 about here.]
[ Table 2 
To evaluate this criterion with the PC-SAFT EOS it is convenient to use a(ρ) 
Using ∂ρ/∂ρ i = 1, this results in
Since the individual terms in the PC-SAFT EOS are additive, the derivatives can be calculated by derivation of these terms, e.g.
The results for the individual terms are listed in the Supplementary Information.
Molecular Models and Simulations
The molecular models of the pure components are taken from previous work of our group [14] [15] [16] [17] [18] , and are listed in Table 3 .
[ Table 3 about here.]
The Lorentz-Berthelot mixing rules were used, however with introducing an adjustable, state independent binary interaction parameter ξ in
The values for ξ used in the present work are listed in Table 4 . They are taken from previous work of our group [19] or set to 1.
[ Table 4 about here.]
All simulations are performed with the ms2 simulation code [27] . Metastable states are simulated using the Monte Carlo (MC) method in the canonical (NVT) ensemble. For the MC-runs, the equilibration is performed using 20,000 NVT cycles while the production is performed using 1,000,000 cycles. One MC-cycle consists of 100 displacement moves, 1,000 rotation moves and 1 volume move. A center of mass cut-off radius of 4.5 σ is chosen. The number of particles is 1,024.
The VLE of methane and ethane is computed with the Grand Equilibrium method by Vrabec and Hasse [28] . For the liquid phase, molecular dynamics (MD) simulations are performed in the isobaric-isothermal NpT ensemble, using 1,000 particles and Andersen's barostat [29] . In order to calculate the chemical potential, Widom's test particle method [30] is utilized, by inserting up to 5,000 test particles every time step. The cutoff radius is 17.5 Å. The fluid is equilibrated for 50,000 time steps, before sampling during for 3,200,000 time steps. For the corresponding vapor phase, MC simulations are performed in the pseudo-µVT [28] ensemble. The equilibration is performed using 10,000 NVT cycles and 20,000 NpT cycles, while the production is performed using 100,000 cycles. Each loop consists of N NDF / 3 steps, where N NDF indicates the total number of mechanical degrees of freedom of the system, plus two insertion and deletion attempts.
The cutoff radius is equal to half the box length. For the long range correction of both metastable and VLE simulations the reaction field method is used [31] .
Results and Discussion
Numerical data obtained for VLE and homogenous states both with molecular simulations and PC-SAFT are presented in the Supplementary Information. For the present discussion graphical representations are used.
Methane + Ethane
The system Methane + Ethane is studied at 223 K, the results are given in Fig This is remarkable as the models were developed independently and no adjustment of binary parameters was carried out.
[ Figure 1 about here.]
Methanol + Ethanol
In order to investigate the H-bonding term of PC-SAFT, the mixture Methanol ulations are larger than those from PC-SAFT. The shift seems to be basically induced by the deviations, which are already present in the stable state. We tried to improve the modeling of the mixture with PC-SAFT by adjustment to VLE data from molecular simulation, but were unable to find significant better parameterization. This gives a hint that in PC-SAFT both polarity and H-bonding have to be considered to increase the accuracy in the description of such mixtures. We refrained from using existing polar versions of PC-SAFT e.g. [32] in the present work. The reason for this is that using both the Wertheim term and a polar extension, it is very hard to fit parameters since both of the terms have a similar effect on the free energy. While this does not pose a large problem for pure compounds, in case of mixture the balance between both contributions becomes important.
Hence, difficulties can arise from the use of both. Using polar terms, i.e. for dipole-dipole, quadrupole-quadrupole and dipole-quadrupole interaction, might result in improved agreement between molecular simulation and PC-SAFT.
[ Figure 5 about here.]
Conclusions
In the present work the metastable region of the VLE of binary mixtures is examined with the PC-SAFT EOS and compared to molecular simulations. The con- Carbon dioxide + Hydrogen Chloride 0.97 [19] Hydrogen Chloride + Toluene 0.98 [19] 
